We previously proposed that HIV-1 minus strand transfer occurs by an acceptor invasion initiated multi-step mechanism. During synthesis of minus strong stop DNA, reverse transcriptase (RT) transiently pauses at the base of TAR before continuing synthesis. Pausing promotes RT-RNase H cleavage of the donor RNA, exposing regions of the cDNA. The acceptor RNA then invades at these locations to interact with the minus strong stop DNA. While primer extension continues on the donor RNA, the cDNA-acceptor hybrid expands by branch migration until transfer of the primer terminus is completed. We present results here showing that the interaction of the acceptor RNA and the cDNA can be determined by examining the time dependent cleavage of the acceptor RNA by RNase H. Our approach utilizes a combination of RT-RNase H and E. coli RNase H to allow assessment of acceptor-cDNA interactions at high sensitivity. Results show an initial interaction of the acceptor RNA with cDNA at the base of TAR. We observe a time dependent shift in RNase H susceptibility along the length of the acceptor towards the 5' end, suggesting hybrid propagation from the initial invasion point.
In a recent study of HIV-1 minus strand transfer, we identified potential acceptor invasion sites within the donor RNA-cDNA hybrid (29) . RT pausing at the base of the TAR hairpin promotes extensive cleavage of the donor RNA about 20 nt behind the pause site (29,34).
We designed a series of short DNA oligonucleotides that could compete with specific regions of the acceptor RNA for interaction with the cDNA and block transfer. Blocking oligomers complementary to the region around the base of the TAR hairpin were the most effective at inhibiting transfer. These combined observations suggest the region around the base of TAR to be an invasion site.
In the current study, we developed a technique to further analyze the acceptor invasion mechanism. Using a combination of RT and E. coli RNase H we analyzed the acceptor RNA cleavage profile during the course of the transfer reaction. Sensitivity to RNase H cleavage was used as an indication of RNA-DNA hybrid formation. Results showed that acceptor RNA was first cleaved 60-90 nt from the U3-3'R junction, agreeing with initiation of invasion at the base of TAR. A shift of the cleavage pattern toward the acceptor 5' end was then observed, suggesting hybrid propagation and primer terminus switch. We also show that productive invasion depends on the viral NC protein, clarifying why NC promotes transfers. Results correlate with the previous observations from the donor cleavage and blocking oligomer assays.
All indicate that RNase H cleavages at the base of TAR allow acceptor invasion that initiates the transfer process. o C for 5 minutes and slow cooling to room temperature. Unless described otherwise, substrates were incubated with an appropriate amount of NC and incubated at 37 o C for 5 min. One NC molecule per 7 nts of RNA or DNA was taken as 100% coating (38,39). RT was pre-bound to substrate at 37 o C for 2 min before reactions were initiated with MgCl 2 and dNTPs. Final reactions contained 2.5 nM primer/template, 7.5 nM acceptor RNA, 50 mM Tris-HCl (pH 8.0), 50 mM KCl, 1 mM DTT, 1 mM EDTA, 16 nM HIV-1 RT, 6 mM MgCl 2 and 17 µM dNTPs, respectively. Reactions were incubated at 37 o C, and were terminated at appropriate time points with 2x termination dye (10 mM EDTA pH8.0, 90% formamide (v/v), and 0.1% each of xylene cyanole and bromophenol blue). Products were resolved by denaturing PAGE, and visualized and analyzed using a Storm PhosphorImager (Amersham Biosciences) and ImageQuant software (version 2.1). Sizes of DNA products were determined by using 10 bp DNA ladders, while sizes of RNA products were estimated using RNA ladders generated by RNase T1 digest. Analysis of cDNA synthesis under the same conditions ( Fig. 2C) showed that by 2 minutes some primer extensions were paused at the base of TAR, while a similar amount had completed full-length extension on the donor template. By 8 minutes a similar amount of primers were paused at the base of TAR and considerably more were fully extended.
Concomitant with RT pausing, extensive cleavages were observed on the donor at the base of TAR, during the 2-8 min reaction time (29 and data not shown). Taken together, these results suggest that for those substrates undergoing transfer, invasion can occur just after the primer has extended past the pause site. The propagating hybrid can then follow behind the RT, which is continuing synthesis on the donor RNA.
Analyzing acceptor cleavage during transfer by subsequent treatment with E. coli RNase H -The previous experiment used the intrinsic RNase H activity of RT to make the cleavages that mark interaction sites of the acceptor RNA and the donor-cDNA. This approach relies on the capacity of the RT-RNase H to make endonucleolytic cleavages in the acceptor RNA as it interacts and forms partial hybrids with the cDNA. Studies by the DeStefano group have shown that certain RNA-DNA hybrid structures that mimic the acceptor-invasion intermediates are not efficiently cleaved by HIV-1 RT-RNase H (40). This would explain the observed inefficient acceptor cleavage at the early time points although transfer products are already formed.
Effective probing of acceptor-cDNA interactions would require use of a nonspecific and robust RNase H activity. We therefore developed a second method to analyze acceptor cleavage during transfer, as outlined in Figure 3A . RT catalyzed transfer reactions were set up as previously described. The reaction was sampled at various time points and RT activity terminated by a process that traps the RT molecule. The reaction intermediates were then incubated with E. coli RNase H for 3 minutes, and the time dependent acceptor cleavage profile visualized. Figure 3B shows the time dependent pattern of acceptor cleavage using E. coli RNase H.
E. coli
RNase H was titrated to determine the minimal amount required to amplify acceptor cleavage (data not shown). Compared to cleavages by RT (Fig. 2B ), much more of the acceptor molecules sustained cleavages in the E. coli RNase H analysis, producing denser bands of cleavage products and the expected greater sensitivity. Remarkably the band pattern, although darker, showed important similarities to the cleavage profile observed in experiments with RT alone (Fig. 2B ). It showed dense bands at the proposed invasion site, and a progression of cleavages moving toward the 5' end of the acceptor RNA. In the similarities of the two patterns, the two techniques lend validity to each other in showing site of initial interaction between the acceptor and cDNA. The pattern of the E. coli RNase H analysis also had additional features not present in the analysis with RT alone. These include dense acceptor cleavages 25-30 nucleotides from the 5' end, and the early appearance of the 5-9 nt terminal cleavage products. These will be addressed below.
One feature of the acceptor cleavage profile was that it closely matched the cDNA synthesis profile. This suggested the possibility that the progressive cleavages observed from the 3' to 5' end of the acceptor is dictated by the length of cDNA synthesized at any given time point. If so, the initial acceptor cleavages at the base of TAR would not be from the creation of a site-specific invasion site. To address this issue we performed the assay by adding the acceptor RNA 5 min after RT reaction with primer:donor template (Fig. 3C ). This ensured that fulllength cDNA synthesis was completed in a substantial proportion of the templates before acceptor interactions were initiated. If cleavages at the acceptor 3' end are indeed associated with partial cDNA synthesis, then the delayed addition of the acceptor should cause a decrease in intensity of the acceptor 3' cleavages. On the other hand, if acceptor invasion is facilitated by the creation of a specific invasion site on the donor RNA at the base of TAR then addition of the acceptor after completion of cDNA synthesis should still generate the same profile of acceptor cleavage as observed in Figure 3B . As observed in Figure 3C , acceptor cleavage pattern remained basically unchanged from that in Figure 3B . The predicted invasion site at the acceptor 3' end was still very evident. The time requirement for cDNA synthesis and creation of invasion site within the donor:cDNA hybrid is very likely the reason for the slight delay in formation of the 3' cleavage products in 3B as compared to 3C. Overall, these results suggest that cleavages at the 3' end of the acceptor result from a site-specific invasion that is independent of length of cDNA synthesized.
Control experiments show that trapping conditions stop synthesis and cleavage by RT -
The purpose of the E. coli RNase H procedure was to detect acceptor-cDNA interactions that are progressively formed during the course of a transfer event. To accurately assess this, it is important that termination of RT activity and subsequent E. coli RNase H probing be done under conditions that: 1) minimally disrupt the structures of the RT-generated transfer intermediates, and 2) efficiently terminate RT activity while still allowing for subsequent treatment with E. coli RNase H. We therefore used a mixture of dideoxynucleoside triphosphates to terminate synthesis and oligo-dT:oligo-dA to trap the RT as it dissociates from the substrate. The effectiveness of this method is demonstrated in Figure 4 . The RT reactions were sampled at various time points and terminated with the ddNTP+oligo-dT:oligo-dA mixture. One half of the terminated reaction was immediately mixed with an EDTA-formamide stop solution, a method known to be absolutely effective at terminating catalysis. To verify if any enzymatic activity continued after the addition of the termination mix, the other half was incubated for 10 min at 37˚C before addition of the EDTA-formamide stop solution. The effectiveness of the ddNTP termination mix was tested for both synthesis ( Fig. 4A ) and RNase H activities (Fig. 4B ). As observed, the 10 min incubation after addition of the ddNTP termination mix did not yield any additional synthesis or RNase H cleavage products, confirming that the ddNTP+oligo-dT:oligodA mixture served as an effective terminator for both the polymerase and RNase H activities of HIV-1 RT. This therefore verifies that during E. coli RNase H incubation, the substrate is no longer susceptible to the activities of the RT.
Retention of the donor RNA cleavage profile during E. coli RNase H treatment -The E.
coli RNase H probing was designed to track the initiation and progression of interactions between the acceptor and cDNA by following acceptor degradation. Correct analysis of this interaction therefore requires that E. coli RNase H not alter the cleavage profile of the donor, thereby altering acceptor invasion site. To address this issue we analyzed donor RNA degradation under identical experimental conditions as described for the acceptor cleavage assays ( Fig. 3 ). In these reactions donor RNA D130 was labeled at its 5' end. Degradation of the donor RNA was followed in the absence ( end. These cleavage products appeared early in the reaction along with the cleavages at the base of TAR. One interpretation for this is that a high proportion of the transfers is initiated by early acceptor interaction with the 3' end region of the fully extended cDNA. However, the 25-30nt
cleavage products did not appear when RT alone was tested (Fig. 2B) . Furthermore, the conclusion that there is a substantial amount of direct terminus transfer is inconsistent with the results of earlier experiments (27,29). In view of this we further tested whether these cleavages relate to minus strand transfer.
The approach was to chemically modify the 5' end region of the donor RNA so that it could not be cleaved. We generated a 199 nt donor RNA in which positions +4 to +20 were substituted with 2'O-methylated nucleotides. When the modified donor RNA was substituted for the unmodified donor RNA in the E. coli RNase H assay, the bands around 30 nucleotides disappeared (Fig. 7A) . We interpret this to mean that because the donor RNA could not be cleaved near its 5' end, acceptor interaction with the DNA in this region was suppressed. If acceptor interaction with the cDNA 3' terminus were essential for the transfer process, then inhibiting donor 5' end cleavages should cause a drop in transfer efficiency. However, the modified donor RNA actually promoted strand transfer with higher efficiency compared to the unmodified D199 donor (Fig. 7B) . The combined results clarify that in data presented in Figs.
3B and 3C, the cleavages 25-30nt from the acceptor 5' end are not related to the natural processes leading to transfer. These cleavages do indicate acceptor-cDNA interactions at the 3' end of the cDNA. However, these interactions were detected only during the E. coli RNase H probing, most likely because E. coli RNase H increases donor 5' end cleavages (Fig. 5B ) thereby enabling the cDNA to interact with the acceptor.
Efficient invasion depends on the presence of NC -Previous analysis of the stimulatory effects of NC had suggested that NC increases the pause associated cleavages at the base of TAR. It was of interest therefore, to see whether such effects of NC were reflected in the E. coli
RNase H acceptor cleavage assay. For this, we performed the E. coli RNase H assays at varying levels of NC (Fig. 8 ). In the absence of NC, very minimal cleavage of the acceptor was observed showed that full-length extension product on the donor template appeared by 1 minute (Fig. 2C) .
Cleavage of the donor RNA at the base of TAR, creating the invasion site also occurred very efficiently and as early as 0.25 min (Fig. 5A) . However, significant transfer product did not appear until 8 minutes (Fig. 2C ). Time course analysis shows a substantial increase in transfer efficiency over time (Fig. 9) , suggesting that there may be one or more steps or events in the overall reaction that limit the formation of transfer products. The RT reactions (Fig. 2C) do not show acceptor cleavages indicative of invasion until 4-8 min. The E. coli RNase treatment accelerates cleavages, and therefore timing of cleavages in that assay is not necessarily an accurate indication of the time of invasion. Although evidence of invasion is apparent, some step or steps in the transfer mechanism must limit the rate of formation of the final transfer product.
Discussion
We have developed a method to analyze the invasion mechanism for RT template switching during strand transfer. The approach enables us to track acceptor-cDNA interactions during the course of the transfer event by following degradation of the acceptor RNA. Our proposed acceptor invasion model for transfer describes a branch migration step, whereby, following initial invasion, the acceptor-cDNA hybrid propagates until it catches up with the primer terminus to complete the transfer event. We had previously obtained evidence for the invasion step, through analysis of donor cleavage profile and blocking oligomer assays (29). In the absence of direct evidence, we could only infer the propagation step. In fact, mechanisms could be envisioned that did not use hybrid propagation for transfer. For example, transfer could be promoted through an ordered two-point interaction, whereby acceptor RNA contacts the cDNA at the initial invasion site and then at primer terminus.
Using acceptor degradation analysis we proposed to address such mechanistic details of the transfer process. Our approach involved use of a 5' end labeled acceptor RNA, the degradation of which was followed during the course of the transfer reaction. Reactions were first done with RT to reveal the natural profile of cuts occurring over time. Although RT cleaves the donor RNA very efficiently, the acceptor is not cleaved as much, limiting the sensitivity of the cleavage profile. In a complementary procedure we used E. coli RNase H to accentuate the observed cleavages. The nonspecific and robust activity of E. coli RNase H enabled us to more effectively visualize the acceptor-cDNA interactions. The combined profile of the two sets of data revealed details of the acceptor invasion and propagation. Both provided consistent results,
showing that substantial acceptor invasion occured at the base of TAR, after cDNA synthesis over that region. The interaction then propagates by branch migration to the 3'end of the cDNA.
The relatively low level of cleavage of the acceptor compared to the donor RNA suggests that RNase H cleavages made on the donor during synthesis are major contributors to the overall RNase H activity observed during the reaction. Polymerase-dependent cleavages made during RT pausing generate RNA fragments with 5' ends. Such RNA fragments generated at the base of TAR are then, very likely, efficiently degraded by the polymerase-independent mode of RTRNase H, generating gaps in the donor-cDNA hybrid. In the absence of synthesis, the acceptor sustains fewer RT-RNase H cuts. This is consistent with a proposal by Pathak and colleagues that polymerization-dependent rather than polymerization-independent RNase H activity is the major promoting factor in strand transfer (15). The DeStefano group examined the stability of intermediates of strand transfer having both donor and acceptor RNAs annealed to a cDNA (40). These results also suggest that the interaction of the cDNA and acceptor templates is most effective where the single strands have the least secondary structure. Since the cDNAdonor RNA is thought to be largely double stranded, with short gaps, the structure of the single stranded acceptor RNA strand may be most influential in determining the favored sites of interaction. We have done structure prediction of the acceptor using m-fold and indeed we do see that the region at the base of the TAR is mostly single stranded. This suggests why the first interactions are likely to occur at the base of TAR.
We previously found that transfer efficiency rises during the course of minus strand transfer assays (27,29). This delay in the formation of transfer products is much too long to represent the time required to synthesize the extra 20 nucleotides on the acceptor template. The delay suggests that the overall process involves one or more steps or events that limit the formation of the transfer product. The proposed invasion and propagation mechanisms are consistent with the idea that the transfer process can include slow steps that do not occur during DNA synthesis on the donor RNA. For example, following invasion, propagation of the hybrid through the structured TAR hairpin in the acceptor is one possible slow step.
Overall, our results provide additional and direct support for the invasion-propagation terminus transfer mechanism for minus strand transfer. This mechanism was previously suggested by homology overlap and blocking oligonucleotide methods (27,29). The results also address possible mechanisms for the role of NC in promoting transfer. 
